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The inelastic excitation of  the rf  (871 keV) state of  170  in  the reaction of  13c  On  "0  is described 
by  a time-dependent quantum mechanical model with two diabatic states and a classical treatment 
of  the radial relative motion.  The structures in  the angle-integrated cross section are interpreted as 
caused  by  the barriers of  the angular momentum-dependent potentials.  The transition strength is 
enhanced by  the Landau-Zener effect between the levels considered. 
I.  INTRODUCTION 
Experimental  evidence for a nuclear Landau-Zener ef- 
fect was found by  the Strassburg group in the inelastic ex- 
citation of the first ++  state of 170  by  12c  and 13c  ions. 
Structures in the y-ray yields of  the transition from the  ++  state to the ground state were the first signatures for 
this effect (Freeman et al.'  ).  The analysis of angular dis- 
tribution measurements of 1Z~('70,  170*  )12c,  made by  the 
same group (Beck et ~1.~  ),  support the idea of  a nuclear 
Landau-Zener mechanism (see also Cindro et ~1.~  ). 
The observed structures in the inelastic excitation of the 
first  ++ state were  predicted  earlier  by  Park  et ~1.~  as 
caused  by  a  nuclear  Landau-Zener  effect  between  the 
ground  state and first f 
+
 state of  170.  Figure  1 shows 
the  two-center  shell  model  (TCSM)  diagram  for 
13c  + 170+30~i.  One recognizes an avoided crossing be- 
tween  the  adiabatic energy  curves  originating  from  the 
ld512  (Cl= +)  and 2s1/2  levels of 170  near 8 fm, marked 
by a circle in Fig. 1.  At this relative distance an enhanced 
promotion of the valence neutron from the 1  d  5/2  (Cl =  +) 
state to the 2s1l2  state of "0  can take place. 
Abe and park5 calculated the inelastic excitation func- 
tion using the formula of ~andau~  and Zener7 and the in- 
teraction matrix element derived from the TCSM levels at 
the point of avoided level crossing.  Their calculation pro- 
duced, without  any free parameter, a series of  resonances 
which can account for the observed structure qualitative- 
ly.  The widths of  the structures obtained in this calcula- 
tion  are  very  small,  since  the  formula  of  Landau  and 
Zener does not take into account the finite reaction time 
which  is of  the order of  5~  10-22 sec  for the reactions 
considered here.  Recently, Milek and ~eia  camed out a 
semiclassical time-dependent calculation with a set of four 
adiabatic  molecular  single-particle states coupled by  the 
radial coupling.  Their calculation showed that the transi- 
tion strength between the ld5/2  (Cl= t)  and 2s112 states 
is  not  only  concentrated  at  the  point  of  avoided  level 
crossing, but  also  rather spread  over  a  larger  range be- 
tween 8 and 10 fm.  Milek and ~ei$  used a TCSM which 
is slightly  different  from that of  Abe and  Their 
distance of avoided level crossing between the considered 
levels is situated inside of the potential barrier. 
In the present paper we  have studied the effect of  the 
potential  barrier  on  the  structures  of  the inelastic  cross 
section  using  a  semiclassical model  which  describes the 
FIG. 1.  The neutron level diagram for 13c  + 17~-30Si.  The 
avoided crossing of  the 1  dJ/2  (fi  =  ;>  and 2~~/~  states is marked 
by  a circle. 
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radial relative motion classically and the transition to the  11.  MODEL WITH TWO DIABATIC BASIS STATES 
inelastic  channel  quantum  mechanically.  The  1  d5/2 
(f2=+) and  2sIl2  states  are  approximated  by  diabatic  We use a semiclassical treatment and dscribe the radial 
states.  In Sec. I1 we  present the details of our model and  relative motion of the nuclei for a given quantum number 
apply it to the calculation of  the inelastic cross section in  1 of the orbital angular momentum with  classical trajec- 
Sec. 111.  It  is found that the positions of  the structures  tories in an effective potential  V(R,I), which is chosen as 
are essentially determined by  barrier heights of  the angu-  the sum of the Coulomb, nuclear, and centnfugal poten- 
lar momentum-dependent potentials.  tials 
The internuclear  distance  R (t,l) depends on the impact 
Parameter  via the quantum  number  1 and is obtained by 
solving the classical equation of motion 
We neglect the energy loss in the radial motion due to the 
inelastic excitation. 
The wave function $(r,t) of  the weakly bound valence 
neutron  of  "0  satisfies the time-dependent  Schrödinger 
equation 
Assuming  a  two-level  approach  we  introduce  diabatic 
molecular wave functions 41(r,R)  and 4~~(r,R),  depending 
slowly on R. Here, 4, and 42  represent the ld512  (fl=  f) 
and 2s  states of  170,  respectively, for R -  CO.  The ex- 
pectation  values  of  H with  these  functions coincide  at 
R =R,  where  the  adiabatic  levels  undergo  the avoided 
crossing.  The difference of  the expectation values is as- 
sumed to depend linearly on R, 
where Hi,=(4;  I H  14,). 
We  expand  the wave  function  S,  into the basis of  the 
two states, 
Inserting  S,  into (3) and projecting with the functions 4,, 
we obtain the following two coupled equations: 
where 
Here,  W(R) is  the  absorptive  potential.  In  deriving 
these equations we assumed that the radial coupling ma- 
trix element R  l  a/aR  1  42)  is negligibly small for dia- 
batic  states near  the crossing point  and  that  the ampli- 
tudes  ci  are damped due to the other channels not being 
treated explicitly.  This damping can be  related to the ab- 
sorptive potential  W(R)  for the elastic scattering of I3c 
on "0.  For simplicity the absorptive potential  W(R)  is 
assumed to have the same R dependence as the nuclear in- 
teraction in potential (l), 
At R =Rc the transition matrix element HIZ  can be relat- 
ed  to the energy  splitting of  the adiabatic  levels at this 
point.  In our calculations we  have used a Gaussian form 
for H12  =H21  (real), 
Equations (2)  and (6) are solved with the following condi- 
tions at the initial time t =ti: 
The final  probability  for the  inelastic  excitation  of  the 
2sIl2 state of 170  is obtained as 
where tf  is determined by  R ( tf, I)  =Rc +  2AR. 
The cross section for the inelastic excitation is calculat- 
ed by5 
'max  fi2=  1max 
U= 2 U,=----  2 (21  +1)P//3 
/=0  2~1Ec.m.  I=,, 
The Landau-Zener formula can be derived from Eqs. (6) 
with the following restrictive assumptions, narnely  W =0, 
R =const,  Hl2=const,  ti= -  W,  and  tf= m.  These as- 
sumptions,  R =const  and  the  infinite time interval, are 
unphysical especially if  the crossing point is situated near 
the potential barrier or if the turning point of the trajecto- 
ry lies outside of the crossing region.  The above equations 
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ful in the study of  the influence of  the potential barriers 
and  the level  crossing  on the structures in  the inelastic 
cross section. 
111.  RESULTS FOR THE INELASTIC EXCITATION 
OF THE 2slI2  STATE OF "0 
We have used the following parameter values in the po- 
tential~ V(R)  and  W(R): Vo=7.5  MeV,  V1=0.4, 
Wo  =2 MeV,  RN  =6.60 fm, and  a =0.46 fm.  The pa- 
rameters of  V(R,I)  are similar to those given by  Malmin 
et  aL9 for  the I2c + 160 system.  The parameter  Wo  is 
related  to  a  decay  time  of  the  probabilities  of 
~=fi/2  Wo  =  1.6 X 10-22 sec,  which  is  somewhat  shorter 
than the scattering time. 
Figure  2 shows the  potential  V(R,l)  for  E,,,,  =  19.4 
MeV  and  1 =  15.  The time dependence of a trajectory is 
presented  in  Fig.  3  for  the  Same  potential  and  energy 
E,,, =  19.4 MeV, which is slightly smaller than the bar- 
rier  height.  The  figure  shows  a  slow  radial  relative 
motion near the barrier which leads to an enhancement of 
the reaction time. 
The values of  A  and  R, in Eq. (4) are obtained from 
the TCSM level diagram for 13c  + "0  shown in Fig.  1. 
We  find  A =  8.5 MeV  and  R, =7.7  fm for the avoided 
crossing of  the  ld5/*  (ll=  +)  and 2s1/2  states of "0.  It 
is Seen from Fig. 2 that the crossing distance R, =  7.7 fm 
lies slightly outside the potential barrier.  We have taken 
the interaction strength  and the width parameter  AR 
in Eq. (8) as free Parameters and studied their effects on 
FIG. 2.  The  potential  V(R,l)  of the  system I3c  + 170 for 
E,.,. =  19.4 MeV and 1 =  15. 
the inelastic cross section (1  1). 
Figure 4 shows the dependence of the partial cross sec- 
tion cr~=,~  for different values of  ~y~  indicating that the 
cross sections ol  scale with  (H?~)~.  This can be shown 
analytically,  because in  general  the probabilities  for the 
1 +  excitation  of  the  state remain  small, i.e.,  I c2  /  2< 1, 
and, therefore, a first-order solution of  Eqs. (6)  is already 
a good approximation. 
E ,  =  19.4  MeV  - 
n 
E 
6  I1 
2 5 
E  (MeV) 
100  f 3L  330 
T  (fm/c)  FIG. 4.  Partial cross section u,=ts for the inelastic excitation 
of the first ++  state of "0 In  the  I3C + "0 collision as a func- 
FIG. 3. The internuclear distance R as a function of time for  tion of the incident energy E,, . The absorptive potential  W is 
E„  =  19.4 MeV and 1 =  15.  Set  to zero, AR =  1.5 fm, and HY2 as indicated in the figure. 33  POTENTIAL BARRIERS AND LANDAU-ZENER PROMOTION . . .  1677 
This equation shows that the cross sections are in general 
proportional to (H:~  )2. 
Next  we consider the position of the maximum  of  the 
partial cross sections 0,. This position is determined by 
the  condition  that  the  incident  energy  and  the barrier 
height  coincide, provided  that  the distance  R, -RB  be- 
tween  the  point  of  level  crossing  and  the  barrier  lies 
within the range AR of the transition matrix element.  In 
our case the latter condition is satisfied for AR 20.2  fm. 
As an example we show in Fig. 4 that the maximum in 
the partial cross section ol  for 1 =  15  is situated at an in- 
cident energy of  19.5 MeV which is the energy of the cor- 
responding bamer.  At this energy the time of  contact of 
the system near the crossing point is maximal and, there- 
fore, the excitation is most pronounced.  The incident en- 
ergies E,.,,(l) coinciding with the barrier heights are ap- 
proximately given by the condition 
where the barriers are assumed to be  located at R =7.5 
fm.  Equation  (13) yields  the following approximate ex- 
pression for these energies: 
Ec,,,(1)=[7.90+0.0481(1  +I)] MeV .  (14) 
This formula is a useful approximation for the position of 
the barriers in the elastic channel.  If the radial motion is 
treated quantum mechanically, the time dilatation of  the 
relative radial motion is generated by the resonances lying 
slightly above the barriers.  These resonances, denoted as 
virtual resonances, are the doorway states for the molecu- 
lar configurations.  They must be  seen  as the sources of 
the  structures  in  our  example.  Quation  (14) yields 
Ec,,,(l =15)-EC,,,(l =14)=1.4 MeV  for the mean  en- 
ergy difference between two structures.  We also note that 
this  result  depends only on the potential  V(R,l)  chosen 
and not on the level crossing. 
In Fig.  5 we  show the partial  cross section al=15  for 
W =O  and  various  ranges  AR.  These  calculations  give 
FIG.  5.  Similar calculations as in  Fig. 4, but  H:~  fixed at 
HY2=0.5 MeV and AR  varied as shown in  the figure.  The ab- 
Sorption  W is set to Zero. 
shapes which are nearly symmetrical about  E,,,.(l) with 
widths of rI=15~0.4  and 0.6 MeV  for AR =0.5  and  1.5 
fm, respectively. 
Figure 6 shows the cross section for the inelastic excita- 
tion of the first ++  (871 keV) state of 170  as a function of 
the incident  energy for a finite absorption  Wo=2 MeV. 
The partial cross sections a, and the experimental data are 
also presented in Fig. 6. The calculated structures are in 
reasonable agreement with the data. 
As one can recognize from Fig. 6,  the shape of  the par- 
tial cross section is determined for E,,,,  <E,.,, (1) by  the 
range  AR  of  the  transition  matrix  element  and  for 
E,,,  >Ec.,,(/)  by  the absorptive potential.  With larger 
AR  the tails of  the partial cross sections spread appreci- 
ably in energy and add up to an increasing background in 
the total cross section (see Fig. 6). Since the heights of the 
maxima of the partial cross sections are less influenced by 
AR, the structures of the total cross section built  on the 
background  are  approximately  independent  of  AR 
(AR  20.5 fm). 
In Fig.  7 we  compare the cross section obtained with 
the  Landau-Zener  formula  with  tfrat  of  the  time- 
dependent calculation.  In the Landau-Zener formula we 
have set Hl2=~YZ.  We find that the Landau-Zener for- 
mula  yields  larger  transition  probabilities  since it  is  de- 
rived on the assumption of  an infinite reaction  time be- 
tween  the  two  levels.  The  difference  between  the 
Landau-Zener result and our model can be seen by consid- 
ering the form of the partial cross sections as functions of 
E,,,  .  The Landau-Zener fomula gives partial cross sec- 
tions which rise steeply to a maximum and drop slowly 
down for energies larger than the energy of the maximum. 
This slow falloff  is responsible for the large background 
in the cross section. 
FIG. 6.  The cross section for the inelastic excitation of the 
first ++  state of 170  in  the collision of 13c  On  170  as a function 
of the incident energy E,.,..  The full curve is the cross section 
obtained by  adding up the partial  cross sections shown by  bro- 
ken curves and denoted with the numbers of the corresponding 
angular momenta.  The dotted points are the experimental data 
of the 871 keV  y-ray yield of "0 measured by  Freeman er al. 
(Ref. 1).  The Parameters of the transition matrix element are set 
as ~1~=0.5  MeV  and AR =  1.5 fm, and the absorption is taken 
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FIG. 7.  Comparison of the cross section for the inelastic exci- 
tation of  the first f 
+
 state of "0  calculated with the Landau- 
Zener formula (full curve) and the time-dependent semiclassical 
model (dotted-dashed curve).  The parameters are  W0=2 MeV, 
~7,  =O. 5 MeV, and AR =  1.5 fm.  All partial cross sections are 
added. 
IV.  CONCLUSIONS 
In this paper we  have assumed that the structures ob- 
served in the 871 keV y-ray yield of  170  arise from the de- 
cay  of  the directly  excited  first f 
+
 state of  170 in the 
13c  +  170  collision.  The basic ingredient of the model is 
the avoided level crossing between the  1  dSn <n  =  f)  and 
2slI2 states near R =7.7 fm.  In this case the transition 
strength between the two states is strongly enhanced about 
the point of avoided level crossing.  It is, therefore, possi- 
ble  to  consider  at  first the  application  of  the  Landau- 
Zener formula for the calculation of the transition proba- 
bility.  However, since this formula was derived under re- 
strictions, which are not fulfilled in the present exarnple, 
it leads to larger cross sections compared with those of  the 
time-dependent semiclassical treatment of the reaction. 
We have shown that the effective potential barriers, in- 
cluding the centrifugal potential,  are responsible for the 
structures in the considered inelastic cross section of  the 
13c  +  170  reaction.  Since the avoided crossing of the two 
states lies near the barriers  (RB  7.5  fm, R, =  7.7 fm), 
the transition  matrix element is large also at the barrier. 
At this point the system sticks together for a longer time, 
even when the radial relative motion is treated quantum 
mechanically, and, therefore, a structure appears in the in- 
elastic cross  section for each angular momentum.  The 
heights of the structures are essentially determined by the 
transition matrix element near the avoided crossing of the 
two states.  Therefore, the Landau-Zener mechanism also 
plays an important role in the transition considered here. 
Further measurements are needed to determine the por- 
tion of the 871 keV y-ray yield of  170  which is due to the 
direct inelastic excitation of  the  170 nucleus.  Therefore, 
the transition strength ~y~  in our schematic model cannot 
yet be  fixed.  As shown in Fig. 6 the value of  0.5 MeV  is 
chosen  for  ~y~  in  connection with  hR  =1.5  fm.  If  a 
larger part  of  the experimental 871 keV  y-ray yield ori- 
ginates from the sequential decay through  the f 
+
 state, 
the transition strength ~72  could be taken smaller which 
is more in  agreement with  the  situation  at the point of 
avoided level crossing.  The larger values of  ~y~  and AR 
used  in  the  calculations  couid  also  give  an  effective 
description of the transition strength over a larger interval 
of R. 
Similar calculations, which  include  the effects of  the 
turning  point  in  the  Landau-Zener  formula  and  use  a 
somewhat  different  ap roach,  are being  carried  out  by 
chalo for the Systems ''C  + "0 and "C  + ''0.  Prelimi- 
nary results show remarkable improvements over the usu- 
al Landau-Zener formula in fitting experimental data, in- 
dicating the importance of the potential barrier effects as 
discussed in the present paper. 
Since the structures depend strongly  on  the potential 
barriers, a more realistic quantum mechanical treatment 
of the radial relative motion is desirable. A model for this 
purpose is the dynamical particle-core model'19'2  describ- 
ing the 13c  +  170  reaction by  the 12c  and  160  cores with 
two loosely bound neutrons.  Work in this direction is in 
Progress. 
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